Production of quinaldine and derivatives is proposed using sulfuric acid as commercial homogeneous acid catalyst in water in continuous flow chemistry. This approach is a rapid, practical and green route for the synthesis of 2-methylquinolines and permit to obtain the target compounds in 39-91% yields.
Introduction
Quinoline derivatives represent an important class of nitrogen heterocyclic compounds. For chemical industry, quinoline derivatives are used as colorants and as a solvent for resins and terpenes. Quinoline analogues are also a building block for the preparation of a wide range of value-added products used in various industries such as food, pharmaceuticals, and cosmetics. Various conventional reactions such as Skraup reaction [1] , Doebner-Miller reaction [2] , Friedlander reaction [3] , Pfitzinger reaction [4] , Conrad-Limpach reaction [5] , and Combes reaction [6] were reported depending on the substitution of the target compound. A large number of quinoline derivatives, 2-methylquinoline (quinaldine) for example, have showed significant biological activities, such as antimalarial [7] , analgesic [8] , anti-inflammatory [9] , anticancer [10] , antibacterial [11] , and antifungal [12] . Quinoline derivatives are also used in cosmetics [13] and food colorants [14] . Different strategies for the syntheses of quinaldine and derivatives are well-known, but Doebner-Miller reaction is the best one [2] .
In parallel with the academic and industrial applications, organic chemists have a growing interest for green chemistry and try to contribute partially or totally to the development of new alternative technologies, such as catalysis and continuous flow in safer solvents [15] [16] [17] [18] . To the best of our knowledge, Doebner-Miller reaction and the production of quinaldine derivatives have never been studied with the green chemistry concept. In order to provide a more general protocol for the "green" synthesis of 2-methylquinoline analogues according to the principles of green chemistry and sustainable development, modified Doebner-Miller reaction in water in continuous flow was examined.
Results and Discussion
2.1. Synthesis of 2-Methylquinoline in a Flow Reactor. In the present work, all the reactants were dissolved in water and pumped into the system at room temperature before entering into an Omnifit column (15 mm internal diameter, 100 mm length, and a total volume of 17.7 mL with an useful volume of 10.6 mL) incubated at 100-150°C followed by the termination of reaction by cooling solution at the cooling bath (20°C). To maintain the reaction solution in liquid state, the pressure was set to 1 MPa by a back-pressure valve. The reaction time was modified by varying the flow rate. The products were collected and the yields, conversions, and selectivity were estimated by high-performance liquid chromatography (HPLC) analysis with calibration curve.
Due to our initial work on green chemistry [19] [20] [21] , we found water being the best candidate since it could properly dissolve reasonable amounts of most of our substrates as well as the 2-methylquinoline derivatives. Initial studies were performed for aniline (1a, 10 mmol, 1 equiv.) and crotonaldehyde (2, 30 mmol, 3 equiv.) as a model reaction at 100°C in neat water (200 mL) with H 2 SO 4 (3 equiv.) ( Table 1) . At this temperature, the target compound 3a was obtained in poor yield (<41%) and selectivity (<43%). For each temperature, better conversion was observed with a low residence time (10.6 min), and in general, the best yields and selectivities were obtained with a flow rate of 1 mL/min (RT 10.6 min). An increasing of temperature till 140°C provided better yield and selectivity whatever the residence time. Higher temperature (150°C) did not permit to have better results in terms of yield and selectivity. Because of this observation, the temperature was maintained at 140°C for the next studies.
The concentration of the crotonaldehyde 2 (from 0.1 mol/L to 0.2 mol/L, i.e., from 20 to 40 mmol) in water has been modulated to investigate the best ratio ( Table 2 ). As observed in Table 1 , better conversions were observed with a low flow rate and 2-methylquinoline 3a gave often high yields with a flow rate of 1 mL/min (RT 10.6 min). At 0.15 mol/L, best conversions and selectivities were obtained for the four tested residence times. Using the optimized method ( Variation of the concentration of H 2 SO 4 (from 0.1 mol/L to 0.25 mol/L) using the experimental conditions described above (Table 3 , entries 1-4) was realized ( Table 4) . As observed in Tables 1 and 2 , better selectivity was observed with a flow rate of 1 mL/min (RT 10.6 min) and best conditions were obtained with an excess of H 2 SO 4 (>0.2 mol/L, i.e., >40 mmol in 200 mL of water). Between 0.2 mol/L and 0.25 mol/L, low variations were detected, and consequently, the lower concentration (0.2 mol/L) was chosen permitting to reduce the amount of reagent.
In order to use less water as solvent, experiments with different amounts (50 mL, 100 mL, and 200 mL) were carried out (Table 5 ). In our hands, concentration of the reagents did not permit to a good reproductibility due to the formation of solid residues. Consequently, the amount of water (200 mL) was conserved. The applicability of this methodology (arylamine, 10 mmol; crotonaldehyde, 30 mmol; H 2 SO 4 , 40 mmol; water, 200 mL; T=140°C) was then studied, and different 2-methylquinoline derivatives having substitution in position 6 and 8 have been obtained (Table 6) . As observed before, better conversions and higher yields were obtained with lower flow rate and with a flow rate of 1 mL/min, respectively. After screening the solubility of various aniline derivatives in water, few of them were selected for the study. As expected, the electron-donating groups conducted to the 2-methylquinoline derivatives in higher yields than that obtained for the quinaldine. The 4-fluoro-and 4-chloroaniline gave lower yield due to the electronic properties of the halogen atoms. The 2,6-dimethylquinoline and 2,8-dimethylquinoline were obtained in 85% and 75% yields, respectively. Lower yield for the 2,8-dimethylquinoline was probably due to the hindrance of the methyl group in the ortho position.
Conclusion
Sulfuric acid is an excellent homogeneous acid catalyst for the production of 2-methylquinoline derivatives starting from commercial crotonaldehyde in water in simple flow chemistry. Our optimized conditions: arylamine, 10 mmol; crotonaldehyde, 30 mmol; H 2 SO 4 , 40 mmol; water, 200 mL; T= 140°C; flow rate, 1 mL/min; and 10.6-min residence time afforded selectively the heterocycles in yields higher than 59%.
Experimental Section
4.1. Materials. Substrates, products, and solvents (aniline 1a, 4-fluoroaniline 1b, 4-isopropylaniline 1c, 4-methoxyaniline 1d, 4-methylaniline 1e, 4-chloroaniline 1f, 2-methylaniline 1g, 4-hydroxyaniline 1h, crotonaldehyde 2, sulphuric acid, methanesulfonic acid, phosphoric acid, methanol) were purchased from Acros. All materials were used without further Coupling constants (J) are quoted in Hz. All reactions were monitored by HPLC. The column used is a GRACE Prevail C18. The detector used is a SPD-M20A photodiode array detector (Shimadzu). The mobile phase is a mixture of water and MeOH (20:80). Reactant and product concentrations were determined using calibration curves that were obtained from references samples.
General Procedure for Doebner-Miller Reaction in Flow.
In a typical experiment, a 250-mL Erlenmeyer flask was charged with aniline derivatives (1a-h, 10 mmol, 1 equiv.), crotonaldehyde (2, 30 mmol, 3 equiv.), and H 2 SO 4 (40 mmol, 4 equiv.) in water (200 mL). The mixture was stirred at room temperature for 10 min and was pumped at 1 mL/min (residence time 10.6 min) in reactor at 140°C during 50 min. Fifty microliters of mixture was collected, and pH was adjusted to 8 with 10 mL of saturated NaHCO 3 solution. The mixture was diluted at 250 mL with methanol, and 1 μL was injected in HPLC. Yield of quinoline derivatives 3a-h was determined by HPLC analysis with calibration curve. 
